Purpose: Prostate cancer management includes identification of clinically significant cancers that may require curative treatment. Statistical models based on gamma distribution can describe diffusion signal decay curves of prostate cancer. The purpose of this study was to evaluate the ability of parameters obtained with the gamma model in differentiating prostate cancers with different Gleason score values.
Introduction
Prostate cancer is the second-most common cancer diagnosed worldwide and the fifth-most common cancer-related cause of death among men. 1 This condition is diagnosed by measurement of serum prostate-specific antigen levels, digital help differentiate between clinically insignificant prostate cancer (Gleason score [GS] = 6) and clinically significant prostate cancer (GS ≥ 7). 7 However, there is considerable overlap in ADCs between clinically insignificant and significant prostate cancer. 8 Thus, further research to identify additional diffusion metrics is warranted to improve the clinical performance of diffusion measurements. In addition, recently, Epstein et al. conducted a large cohort study to verify whether a new grading system, which was approved at the consensus meeting of the 2014 International Society of Urological Pathology and included Grade 1 (GS ≤ 6), Grade 2 (GS 3 + 4 = 7), Grade 3 (GS 4 + 3 = 7), Grade 4 (GS 8), and Grade 5 (GS 9-10), accurately uses a smaller number of grades with the most significant prognostic differences. 9 In their study, they found large differences in recurrence rates between GS ≥ 4 + 3 and GS ≤ 3 + 4 cancers, with 5-year biochemical recurrence-free progression probabilities of 63% and 88%, respectively. Thus, discriminating GS ≥ 4 + 3 from GS ≤ 3 + 4 prostate cancers on the basis of diffusion metrics might be of clinical importance. 10 The monoexponential model presents ADC values under the assumption that water molecules diffuse freely. However, this approach inadequately describes the complete diffusion process in heterogeneous biological tissues with diffusionrestrictive barriers. Thus, several approaches have been proposed to characterize the non-monoexponential diffusion behavior. In recent years, statistical models based on gamma distribution, which is one of the non-monoexponential models, have proven suitable for describing the diffusion signal decay curves of prostate cancer. 11, 12 The gamma model presumes a continuous distribution of diffusion coefficients within the imaging voxel, and the histological interpretation of diffusion data seemed possible by introducing the concept of area fractions for diffusion coefficients D < 1.0 × 10 −3 mm 2 /s and D > 3.0 × 10 −3 mm 2 /s as parameters that represent restricted diffusion and perfusion, respectively. 11, 12 The purpose of this study was to evaluate the ability of parameters obtained with the gamma model in differentiating prostate cancer with different GS values.
Materials and Methods

Patients
Our Institutional Review Board approved this retrospective study and deemed that patient informed consent was not required. Between January 2015 and June 2017, a total of 168 consecutive patients with pathologically proven prostate cancer had undergone MP-MRI prior to systematic prostate biopsy or radical prostatectomy at our hospital. Of these, 11 patients were excluded because prostate cancer could not be detected on MP-MRI. In addition, two patients were excluded because of severe distortion of the images. Thus, the final study population was composed of 155 patients. Prostate cancer was proven in 127 patients with systematic 12-core transrectal ultrasound (TRUS)-guided biopsies with 2-4 additional targeted biopsies and in 28 patients with radical prostatectomy. Additional targeted biopsies were performed in 23 patients in a cognitive manner. Pathological diagnosis was performed according to the Gleason grading system 13 by board-certified pathologists in our hospital. A summary of the 155 patient characteristics is provided in Table 1 .
MR imaging
All examinations were performed on a 3T or 1.5T MR scanner (Achieva 3T and Ingenia 1.5T; Philips Healthcare, Eindhoven, The Netherlands) using a 32-channel phased-array coil. To prevent artifacts from bowel peristalsis, 1 mg of intramuscular glucagon (Glucagon G Novo; Eisai, Tokyo, Japan) was administered immediately before the MRI examination. We used the following hospital prostate imaging protocols: axial and coronal T 2 -weighted imaging (T 2 WI) (TR/TE = 3500-4000 ms/70-100 ms; section thickness/intersection gap = 3 mm/0 mm; FOV = 160 × 160 mm 2 ; matrix = 512 × 260, zero-filled interpolation [ZIP] = 1024), DWI (TR/ TE = 4000-6500/55-74 ms; section thickness/intersection gap = 3 mm/0 mm; FOV = 240 × 240 mm 2 ; matrix = 256 × 256; diffusion sensitization gradients oriented along three orthogonal directions at five b-values [0, 500, 1000, 1500, and 2000 s/mm 2 ]), and gadolinium-enhanced dynamic MRI (enhanced T 1 -weighted high-resolution isotropic volume 
Image analysis
All MR images were transferred to a picture archiving and communication system workstation (EV Insite; PSP corporation, Tokyo, Japan) and were interpreted by two experienced radiologists (H.T., with 5 years of experience in prostate MR imaging and H.S., with 14 years of experience in prostate MR imaging) who were blinded to the patients' clinical history, data, and the histopathological results. For each case, the two radiologists separately assigned PI-RADS scores. In case of disagreement, agreement was reached by consensus. In this study, lesions with PI-RADS scores of 4 or 5, where biopsies or pathologic maps revealed the existence of cancerous tissues, were considered positive for prostate cancer. A suspected cancerous lesion in MRI was considered to be a "positive match" with histologic findings when the tumor was present in the same area of the gland in the pathology report of the TRUS-guided biopsy ( Fig. 1 ). If the standard of reference was radical prostatectomy, MR imaging findings were compared with the whole-mount pathologic specimen where cancer foci were outlined in ink. When the standard of reference was radical prostatectomy, patients were considered to be showing multiple cancerous lesions if the lesions showed distinctly different origins. Finally, 159 foci of prostate cancer were included in our study. In all cases, the ROIs for prostate cancer were placed on b = 1500 s/mm 2 , and measurements were taken by copypasting them onto other b-value images (Fig. 1 ). The ROIs were chosen to be as large as possible, while maintaining minimal contamination from benign prostatic tissues. The measured signal intensities vs. b-value curves were fitted to the gamma model using in-house software. The statistical model based on the gamma distribution has been described in detail elsewhere. 11, 12 The parameters of the gamma model adopted in this study include the area fraction of D < 1.0 mm 2 /s (Frac < 1.0), D < 0.8 mm 2 /s (Frac < 0.8), D < 0.5 mm 2 /s (Frac < 0.5), D < 0.3 mm 2 /s (Frac < 0.3), and D > 3.0 mm 2 /s (Frac > 3.0). The standard ADC value was also calculated using a conventional monoexponential fit with b = 0 and 1000 s/mm 2 .
In this report, in addition to comparing cases scored as GS 3 + 3 and GS ≥ 3 + 4, we analyzed cases scored as GS ≤ 3 + 4 and GS ≥ 4 + 3 in terms of the parameters obtained from the gamma model and ADC. Statistical analysis was performed using the Mann-Whitney U test, receiver operating characteristic (ROC) analysis, and Spearman rankorder correlation. For the ROC analyses, the DeLong test was used to compare measures in terms of area under the ROC curve (AUC). MedCalc software suite (version 11.6.2, MedCalc Software; Ostend, Belgium) was used for statistical calculations. P-values <0.05 were considered to indicate a significant difference.
Results
Among the 159 cancerous lesions in the 155 patients, 13 (8.2%) were GS 3 + 3 prostate cancers, 51 (32.0%) were GS 3 + 4 prostate cancers, 30 (18.2%) were GS 4 + 3 cancers, and 65 (40.9%) were GS ≥ 4 + 4 cancers. Table 2 shows a summary of the statistical results for the gamma model parameters and ADC to differentiate GS ≥ 4 + 3 cancers from GS ≤ 3 + 4 cancers, and GS ≥ 3 + 4 cancers from GS = 3 + 3 cancers. Frac < 0.3, Frac < 0.5, Frac < 0.8, and Frac < 1.0 were significantly higher and ADC values were significantly lower in GS ≥ 4 + 3 cancers than in GS ≤ 3 + 4 cancers (P < 0.01, P < 0.01, P < 0.01, P = 0.01, and P < 0.01, respectively). Frac > 3.0 was not significantly different between GS ≥ 4 + 3 cancers and GS ≤ 3 + 4 cancers (P = 0.59). In addition, Frac < 0.3, Frac < 0.5, and Frac < 0.8 were significantly higher, and ADC values were significantly lower in GS ≥ 3 + 4 cancers than in GS = 3 + 3 cancers (P < 0.01, P < 0.01, P = 0.04, and 0.03, respectively). Frac < 1.0 and Frac > 3.0 were not significantly different between GS ≥ 3 + 4 cancers and GS = 3 + 3 cancers (P = 0.07 and 0.46, respectively). Table 3 and Fig. 2 show the diagnostic performance of Frac < 0.3, Frac < 0.5, Frac < 0.8, and ADC values. For discriminating GS ≥ 4 + 3 cancers from GS ≤ 3 + 4 cancers, the AUC for the ROC analysis ranged from 0.64 to 0.73, and significant differences in AUC were observed between Frac < 0.3 mm 2 /s and ADC (P = 0.03), Frac < 0.5 mm 2 /s and ADC (P < 0.01), Frac < 0.3 and Frac < 0.8 (P = 0.04), and Frac < 0.5 and Frac < 0.8 (P < 0.01). Frac < 0.3 mm 2 /s and Frac < 0.5 mm 2 /s had significantly greater AUC for discriminating GS ≥ 4 + 3 cancers from GS ≤ 3 + 4 cancers than ADC. On the other hand, Frac < 1.0 mm 2 /s had significantly smaller AUC for discriminating GS ≥ 4 + 3 cancers from GS ≤ 3 + 4 cancers than ADC (P = 0.02). There were no significant differences between Frac < 0.3 and Frac < 0.5 (P = 0.32), and Frac < 0.8 and ADC (P = 0.81). For discriminating GS ≥ 3 + 4 cancers and GS = 3 + 3 cancers, the AUC ranged from 0.65 to 0.74, and there were no significant differences among these values (P = 0.10-0.49) ( Table 4 and Fig. 3) . 
Discussion
In this study, we found that the parameters obtained from the gamma model (Frac < 0.3, Frac < 0.5, Frac < 0.8) as well as ADC values showed significant differences between GS ≥ 4 + 3 and GS ≤ 3 + 4 cancers and between GS ≥ 3 + 4 and GS = 3 + 3 cancers. In addition, Frac < 0.3 and Frac < 0.5 showed higher diagnostic performance than ADC values for differentiating GS ≥ 4 + 3 and GS ≤ 3 + 4 cancers, although Frac < 0.3, Frac < 0.5, and ADC values showed similar diagnostic performance for differentiating GS ≥ 3 + 4 and GS = 3 + 3 cancers. Previous studies have demonstrated an inverse correlation between GS and ADC values. [14] [15] [16] [17] However, there is a considerable overlap in ADC values between cancers of various grades. 8 In addition, although ADC values are based on free diffusion, diffusion is restricted by the presence of various barriers in biologic tissues. Thus, a new diffusion metric that may allow for improved discrimination between various grades of prostate cancer is desirable. Our study suggests that the parameters obtained from the gamma model may provide additional information for discriminating GS ≥ 4 + 3 from GS ≤ 3 + 4 prostate cancers.
This study demonstrated that Frac < 0.3 and Frac < 0.5 significantly outperformed ADC values for differentiation of GS ≥ 4 + 3 and GS ≤ 3 + 4 cancers, and were similar to ADC values discriminating GS ≥ 4 + 3 from GS ≤ 3 + 4 prostate cancers on the basis of diffusion metrics might be of clinical importance. 10 Although ADC values were also significantly different between GS ≥ 4 + 3 and GS ≤ 3 + 4 cancers, the gamma model may provide more precise information for differentiating GS ≥ 4 + 3 and GS ≤ 3 + 4 cancers in our findings.
As stated above, Frac < 0.3 and Frac < 0.5 showed higher diagnostic performance than ADC for differentiating GS ≥ 4 + 3 from GS ≤ 3 + 4 cancers in this study. In the previous reports, Frac < 1.0 was an effective parameter for distinguishing healthy prostate glandular components from prostate cancer and was considered to be associated with restricted diffusion. 11, 12 In this context, Frac < 0.3 and Frac < 0.5 would be associated with heavily restricted diffusion. As many papers have shown statistically significant correlations between the ADC values and the GS of prostate cancer. It would be rational for Frac < 0.3 and Frac < 0.5 to correlate more strongly with a higher GS than Frac < 1.0.
The gamma model is one of the non-monoexponential approaches for characterizing diffusion behavior in biological tissue. There are other approaches to describe the nonmonoexponential diffusion behavior in the prostate gland, such as the stretched-exponential model, 18 intravoxel incoherent motion model, 19, 20 and diffusion kurtosis imaging (DKI) findings. [21] [22] [23] Recently, Tamada et al. 23 reported that kurtosis (K), which is a parameter of DKI, provided no clear diagnostic benefit over ADC. However, although K is thought to be an index of microstructural complexity, the physiologic basis of K remains uncertain. In contrast, Frac < 0.3 and Frac < 0.5 reflect heavily restricted diffusion probably owing to a higher cellularity. Our preliminary findings suggest that Recently, Ahmed et al. 24 reported that using MP-MRI to triage men would avoid unnecessary biopsies in one-quarter of patients, and this strategy could improve the detection of clinically important prostate cancer and thereby reduce the number of men diagnosed with clinically insignificant cancer. In addition, according to PI-RADS version 2, the score obtained from DWI and the ADC map is the dominant parameter for determining the overall PI-RADS score for clinically significant cancer in the peripheral zone. 25 Thus, increasing ability of DWI to differentiate clinically significant cancer from clinically insignificant cancer using a new diffusion metric is a matter of clinical importance.
Our study has several limitations. First, our case selection may have been affected by bias because this was a retrospective study conducted at a single facility. The use of consensus readings must also be noted as a study limitation. Second, only 28 patients underwent radical prostatectomy, whereas the remaining 127 patients were diagnosed by systematic TRUS-guided 12-core biopsies with 2-4 additional targeted biopsies. Because MP-MRI findings do not correspond directly to the results of systematic biopsy, there was difficulty in ensuring the correspondence of biopsy sites to the suspicious area of prostate cancer on MP-MRI. In patients with prostate cancer who had undergone needle biopsy, 36.3% of those with a history of radical prostatectomy reported an upgrading of the GS, 26 which may also be related to the results. This may be the reasons why the AUC of the ADC and the correlation coefficients between the parameters of this study and the Gleason scores were lower than those of previous reports. 3, 5, 17, 23 Third, this study was performed using two different MR scanners (3T and 1.5T). It would be better to conduct a study using an identical scanner, even though the diffusion signal decay does not depend on the field strength. 27, 28 Finally, in this study, no significant difference was observed between Frac < 0.3 and Frac < 0.5. Further investigation to identify the parameter that is most suitable for the discrimination of tumor grades is needed. The area under the ROC curve ranged from 0.65 to 0.74, and there were no significant differences among these values (P = 0.10-0.49) ADC, apparent diffusion coefficient.
In conclusion, we demonstrated that Frac < 0.3 and Frac < 0.5, which are parameters obtained from the gamma model, were significantly higher in GS ≥ 4 + 3 than in GS ≤ 3 + 4 cancers, and in GS ≥ 3 + 4 than in GS = 3 + 3 cancers. In addition, Frac < 0.3 and Frac < 0.5 showed higher diagnostic performance than ADC values for differentiating GS ≥ 4 + 3 from GS ≤ 3 + 4 cancers. The gamma model may add additional value in discrimination of tumor grades.
